INTRODUCTION
Fungicides are applied to golf greens worldwide to improve turf quality. For example, in the coastal areas of Scandinavia fungicides are mainly used to control pink snow mould (Microdochium nivale) which is favored by the cold and relatively wet climate, particularly during the autumn. In Scandinavia as well as in other parts of the world, most golf greens are today constructed according to the US Golf Association (USGA) guidelines, which specify a 30 cm thick root zone of sandy material underlain by a coarse gravel drainage layer (US Golf Association, 2004) . In the latest revision of these guidelines, there are no recommendations concerning the amount of organic carbon in the root zone. Greens built without organic matter or with very low organic matter content in the root zone have become increasingly popular because low organic carbon content leads to lower water contents in the root zone and thereby creates less favorable conditions for fungal diseases. The combination of high rainfall, a shallow root zone and low organic matter content constitutes a high-risk environment for fungicide leaching. This risk may be further aggravated by finger flow resulting from soil water repellency (Bauters et al, 1998) , which is a common phenomenon in golf greens. Indeed, fungicides have often been detected in drainage water from golf greens and surface water influenced by runoff from golf courses (Petrovic et al., 1998; Cohen et al., 1999; Wu et al., 2002; Ludvigsen et al., 2004; Strömqvist and Jarvis, 2005) .
The origin of soil water repellency is not well understood but it is generally assumed that it is caused by hydrophobic organic compounds produced by plant roots or soil microbes which coat the soil particles (Doerr et al., 2000) . It has been shown that increased microbial activity (Hallett and Young, 1999) and fungal growth (White et al., 2000) may increase water repellency. However, the degree of water repellency is not proportional to the amount of organic matter. It is rather the composition of the soil organic matter that is important for the development of soil water repellency (Dekker and Ritsema, 1994; Doerr et al., 2000 and Morley et al., 2005) . Soil water repellency has in the past been associated with coarse-textured soils because the available hydrophobic compounds have in these soils a smaller surface area to coat. However, in recent years it has become increasingly apparent that water repellency affects a variety of soil types (Dekker and Ritsema, 1996; Doerr et al., 2006; Jarvis et al., 2007) . The importance of soil moisture for the occurrence and development of water repellency has been studied extensively (see e.g. review by Doerr et al., 2000) . Generally, soil water repellency is insignificant or absent during wet conditions and most strongly developed during extended dry periods. Dekker et al. (2001) have shown that a critical soil water content exists below which soils become water repellent. This critical soil water content is dependent on the soil properties and on the wetting and drying history of the soil. Soil water repellency also affects solute transport in soils (van Dam et al., 1990; Hendrickx et al., 1993; Clothier et al., 2000) . In water repellent soils, water and solutes may move rapidly in fingers bypassing large parts of the unsaturated zone. This increases the risk of pollution of receiving water bodies.
Localized dry spots (LDS) are one consequence of soil water repellency in golf greens. Turf grass areas showing symptoms of LDS are commonly treated with surfactants (Kostka, 2000) . Many different surfactants exist, with different modes of action, but with the common feature that the surfactant molecules attach to hydrophobic soil surfaces rendering them wettable. Dekker et al. (2005) showed that the top 5 cm of surfactant treated grass-covered dune sand was less water repellent than untreated sand. The surfactant treatment also resulted in higher average water contents and lower critical water contents below which the soil was repellent. Surfactant treatment on golf greens has been shown to reduce water repellency and improve turf grass quality (Cisar et al., 2000; Kostka, 2000) . However, much less is known about the effects of surfactants on solute transport. Nektarios et al. (2002) studied the infiltration and transport of bromide and a weakly sorbed dye tracer in water repellent dry sand in a two-dimensional slab chamber. Surfactant treatment resulted in a more uniform infiltration and greater retardation of the breakthrough of the tracers compared to the untreated control. To our knowledge the effects of surfactants on pesticide leaching have not been studied under realistic field conditions. The objective of this study was therefore to evaluate the effects of root zone composition and surfactant treatment on soil water repellency and leaching of fungicides from lysimeter golf greens.
MATERIALS AND METHODS

Site
The experiments were conducted in the lysimeter facility at Bioforsk Øst Landvik, Norway (58°19'N; 8°30'E, 5 m a s.l.) during 2006 and the spring of 2007. Air temperature (2 m above ground), soil temperature (10 cm depth) and precipitation during the experimental period were measured at Landvik meteorological station, about 200 m from the lysimeter facility. The facility consisted of 16 stainless steel lysimeters, each 2 m 2 in area, located in an experimental green in two separate blocks, constructed according to USGA guidelines. Each lysimeter consisted of a 30 cm root zone underlain by a 10-15 cm gravel layer. The gravel layer was placed directly on the sloping lysimeter bottom which directed any discharge to the outlet. The root zone layer was constructed with either straight sand, SS, or Green Mix®, GM, (Norsk Jordforbedring AS, Grimstad, Norway), the latter being SS amended with 20% (v/v) mature garden compost. Textural analyses indicated that the SS (1.2% fine gravel >2.0 mm, 12.2% very coarse sand 1.0-2.0 mm, 37.8% coarse sand 0.5-1.0 mm, 36.4% medium sand 0.25-0.5 mm, 6.9% fine sand 0.15-0.25 mm , 2.5% very fine sand 0.05-0.15 mm, 2.2% silt 0.002-0.05 mm and 0.8% clay <0.002 mm (European Turfgrass Laboratory, Stirling, Scotland, Jan 2004)) was slightly coarser than recommended by USGA. The green was seeded with creeping bentgrass (Agrostis stolonifera) 'Penn A-4' in September 2003. By 2006, the turf had developed a thatch layer which was 14 mm thick on the SS lysimeters and 19 mm on the GM lysimeters. Results from chemical soil analyses are presented in Table 1 .
During the course of this study, the grass was mowed with walk-behind green mowers to a height of 3-5 mm (depending on the time of the season) three times per week and vertically cut and top dressed with 0.7 mm straight sand every two to three weeks. Starting in June, when the turf had recovered completely from winter injuries, wear was imposed by an artificial wear machine three times per week. At biweekly intervals, SS lysimeters received mineral fertilizer (Arena, Hydro Agri, Landskrona, Sweden) totaling 230 kg N, 30 kg P and 190 kg K ha -1 over the season while GM lysimeters received Arena and ammonium sulfate totaling 130 kg N, 10 kg P and 120 kg K ha -1 . During warm and dry periods the green was irrigated for 10 minutes (6-7 mm water) up to six times per week.
Experimental setup
Three experimental treatments were imposed in factorial combinations, i) root zone composition (described above), ii) use/not use of surfactant, and iii) fungicide (Fig. 1) Table 2 . These fungicides are widely used on golf greens in Scandinavia. Furthermore, IPR has been previously detected in drainage water from golf greens in Norway (Ludvigsen et al., 2004) and Sweden (Strömqvist and Jarvis, 2005) . Iprodion and PRO have also been frequently detected in surface water samples taken from golf courses in the USA (Cohen et al, 1999) .
After fungicide application, drainage water was collected from each lysimeter in steel tanks during a period of 2-4 weeks depending on the amounts of rainfall and irrigation (Table 3) . Samples for fungicide analysis were taken after thorough mixing of the water in each tank. Fungicide concentrations were measured at Bioforsk Pesticide Laboratory using the M60 Multivann method (Holen and Christiansen, 2006) . The sampling scheme is summarized in Fig. 2 .
Physical and hydraulic properties
Undisturbed cylinder samples (37 mm high, 58 mm diameter) were taken on 1 September 2006 after the last surfactant application. One cylinder was sampled from the depth 2.0-5.7 cm (just under the thatch layer) and one from 15.0-18.7 cm in each lysimeter. The samples were analyzed for bulk density, total porosity and air-and water filled porosity at the pressure potential -2 kPa. Air permeability was determined according to Green and Fordham (1975) and saturated hydraulic conductivity was estimated from air permeability according to Riley (1996) .
Soil water contents
On 13 September 2006, gravimetric soil water contents at the depths 0-2, 2-4, 4-6, 6-10, 10-15, 15-20, 20-25 and 25-30 cm were determined in samples taken with an auger at three random locations in each lysimeter. On 20 September, another set of five soil water content samples were taken from the 2-5 cm depth in each lysimeter. Soil water contents at sampling were also determined in the undisturbed cylinder samples taken on 1 September (see previous paragraph).
Water drop penetration time tests
The persistence of the soil water repellency was measured with the water drop penetration time (WDPT) test (e.g. Dekker and Jungerius, 1990 ). On 20 September 2006 and on 24 April 2007, two soil samples per lysimeter were taken with a spade sampler which removes a slice of soil, 11 cm wide, to a depth of 10 cm. After 48 h of air drying in the laboratory at 20 °C and 60% relative humidity, three drops of water were placed at 1, 2, 3, 5 and 10 cm depth on the surface of the samples and the time until the drops had infiltrated was measured. Each WDPT was treated as an individual measurement in the statistical analysis. Since the WDPT test was done on dry samples the results reflect potential soil water repellency rather than actual repellency (Dekker and Ritsema, 1994) . Potential soil water repellency is a suitable measure of the susceptibility of a soil to water repellency since it is less dependent on the soil moisture content at the time of sampling (Dekker and Ritsema, 1994) . According to the classification scheme proposed by Dekker and Jungerius (1990) a soil is considered wettable if drop infiltration is immediate, nonrepellent if WDPT<5 s, slightly water repellent if 5s<WTPT<60 s, and strongly water repellent if 60 s<WTPT<600 s.
Infiltrometer measurements
We used tension infiltrometers to measure the actual field soil water repellency. This approach is based on the observation that ethanol infiltration is unaffected by the hydrophobic organic coatings responsible for soil water repellency (Letey et al., 1962) . Hence, differences in infiltration rates between water and ethanol can provide information on the degree of soil water repellency. The infiltration rate is a function of both the pressure head imposed by the infiltrometer, h (m), and the properties of the wetting liquid. To account for the differences between water and ethanol we calculated a scaled pressure head (m -1 ) according to Tillman et al. (1989) :
where ρ (kg m -3 ) is the liquid density, g (m s -2 ) is the acceleration due to gravity and, σ (N m -1 ) is the surface tension. We used tension infiltrometers with 14 cm diameter infiltrating surfaces. The pressure head at the infiltrating surface was set to -3 cm for water and -1.2 cm for ethanol (Eq. 1, based on densities and surface tensions at 18 °C). Measurements were made on 20 and 21 September with 8 replicates for water and 4 to 5 replicates for ethanol. Water and ethanol infiltration were measured at different locations within each lysimeter. Since the within plot variation might be significant it was not considered meaningful to calculate R-values for individual lysimeters.
Under the assumptions outlined by Ankeny et al. (1991) the steady state infiltration rate from a circular source is proportional to the hydraulic conductivity. However, the hydraulic conductivity in Darcy's law is a property of both the porous medium and the liquid. All other things being equal, the flow rate will be inversely proportional to the viscosity, η (N s m -2 ), of the liquid (i.e. the hydraulic conductivity is inversely proportional to the viscosity). . The R-value will be 1 for a wettable soil and larger than 1 for a repellent soil. It should be noted that this index is based on steady state infiltration rates whereas the index proposed by Tillman et al. (1989) was based on sorptivity measurements. We chose to use steady state infiltration rates because they are less dependent on initial soil water contents. It is therefore possible to compare treatments which might have different initial water contents. The disadvantage of using steady state infiltration rates is that soil water repellency might deteriorate during infiltration resulting in increasing rates with time (Clothier et al., 2000) . However, this effect was not apparent in our infiltration measurements.
Turf quality
Although the main focus of the paper is on water repellency, measurement of turf quality was included to put any environmental effects into context in relation to possible effects on playing quality. Turfgrass quality (visual merit) and shoot density was graded on a scale from 1 to 9 where 9 is best, at approximately monthly intervals (Morris, 2006) . 
Statistical analysis
The experimental data were analyzed using the SAS Release 9.1 software package (SAS Institute, Cary, NC). We used the analysis of variance (ANOVA) tool for all data except for the non-normal distributed WDPT data. For this data we used the Kruskal-Wallis test which is a non-parametric alternative to ANOVA. Probability levels are indicated in the tables. Throughout this paper, the term 'significant' always refers to P<0.05, and 'tendencies' to 0.05<P<0.10). For the AZO/PRO treated lysimeters we used the average relative leaching of the two fungicides.
RESULTS AND DISCUSSION
Physical and hydraulic properties
The effects of root zone composition on physical and hydraulic properties are presented in Table 4 . All properties, except saturated hydraulic conductivity, showed significant treatment effects both at 2-5.7 and 15-18.7 cm depth. The larger organic matter content in the GM lysimeters (Table 1 ) resulted in lower bulk density and air-filled porosity and higher water content at -2 kPa and total porosity compared to the SS lysimeters.
Water contents
Results from soil water content measurements are summarized in Tables 5a and 5b. The mean soil water contents were higher in the GM than in the SS lysimeters for all dates and depths. This is in accordance with the higher water content at -2 kPa (Table 4) which enabled wetter conditions in the GM lysimeters. The surfactant treatment significantly increased the water content just below the thatch layer on 1 September and showed a similar tendency for the 0-2 cm thatch layer on 13 September. This is in agreement with Dekker et al. (2005) who found higher water contents in dune sand after treatment with Primer 604. A significant interaction on 1 September (Fig. 3) and a similar tendency on 21 September suggest that the effect of surfactant on the mean soil water content just under the thatch layer was more pronounced on SS than GM lysimeters.
Straight sand lysimeters generally had larger coefficients of variation in soil water content than GM lysimeters (Table 5b ). This less uniform wetting of the SS lysimeters is an indication of preferential finger flow due to stronger water repellency. As a main effect, the surfactant treatment decreased the variation in soil water content at 6-10 cm depth on 13 September and showed a similar tendency at 4-6 cm depth on the same date and at 2-5 cm depth on 21 September. However, on 13 September, there were also significant interactions showing that the decrease in variability in soil water content at 6-10 and 10-15 cm depth only occurred on SS root zones (not shown). All in all, the data show that surfactant treatment has a greater potential to improve the infiltration uniformity below the thatch layer on SS than on GM root zones.
Water repellency
Treatment effects on WDPT are presented in Table 6 . Water drop penetration times generally decreased with depth from average values representing strong water repellency at 1 and 2 cm depth to non-repellent at 10 cm depth. This means that close to the surface the greens had a strong potential for water repellency if allowed to dry. Straight sand lysimeters had longer WDPTs at 5 cm depth on 20 September 2006 and at 2 cm depth on 24 April 2007 compared to GM lysimeters indicating that SS lysimeters may have a stronger potential for water repellency. Surfactant treatment reduced water repellency close to the soil surface. There were no significant differences below the 3 cm depth where repellency was generally weaker. Even though the last surfactant treatment was on 30 August 2006, S plots were still less water repellent than NS plots at 1 cm depth in the spring of 2007. A stronger effect of surfactant treatment close to the soil surface was also reported by Dekker et al. (2005) , which they attributed to adsorption of the surfactant in the organic rich surface layer. Cisar et al. (2000) and Kostka (2000) also reported a reduction in the potential soil water repellency of surfactant-treated golf turf.
The results from measurements of actual soil water repellency by tension infiltrometers are summarized in Table 7 . Regardless of treatment, repellency indices were larger than 1, showing that all lysimeters were to some extent water repellent. Jarvis et al. (2007) reported an R-value of 15 based on steady state infiltration rates for a clay soil under pasture. Since all other studies that we are aware of were based on sorptivity measurements we cannot directly compare the R-values presented in Table 7 to other values reported in the literature. Our infiltration tests were conducted on 20-21 September when the greens were rather wet (Table 5a ). The actual soil water repellency measured in the field was therefore expected to be lower than the potential soil water repellency indicated by the WDPT test. Despite this, surfactant treatment resulted in almost 3 times larger steady state infiltration rates for water implying that a larger fraction of the soil contributed to the infiltration. Compared to the WDPT tests, the infiltrometer measurements give information at a larger scale and therefore provide information that might be more relevant for leaching.
Turf quality A summary of the visual observations of turf quality, shoot density and percentage of area affected by disease is presented in Table 8 . Green mix plots had significantly better turf quality than SS plots during the autumn period of 2006 and the spring of 2007. During the autumn period, the occurrence of disease was also lower in GM plots. Surfactant treated plots had better turf quality for SS lysimeters on 1 July and 1 August, but the effect was not significant when averaged over the whole summer period. In the autumn, there tended to be an opposite effect, as the surfactant increased disease occurrence and reduced turf quality on SS lysimeters, while it had no effect on GM lysimeters (data not shown). Adverse effects of the surfactant treatment were significant in the spring of 2007 when the percentage of plots affected by disease was twice as high in S plots. The increase in water content of the thatch layer (Fig. 3 ) may have aggravated disease occurrence on SS lysimeters. However, the even higher water content (Table 5a) in GM plots did not result in larger areas with fungal diseases. This may be because the garden compost contains a different microbial community which may be antagonistic to fungal diseases (Boulter et al., 2000) . Other studies (Cisar et al., 2000; Kostka, 2000) have reported positive effects of surfactant treatment on turf quality and the occurrence of LDS in drought periods.
The AZO/PRO treatment resulted in better turf quality in the autumn of 2006 and in the spring of 2007 and a smaller percentage affected by disease in the autumn of 2006 than the IPR treatment. There was also a significant root zone x fungicide interaction, as disease occurrence was especially prevalent on SS lysimeters that had not been sprayed with AZO/PRO (Fig. 4) . The main disease diagnosed in autumn 2006 was Leptosphaerulina leaf blight (Leptosphaerulina australis). This is a disease which primarily attacks slowly growing and weakened turf (Tani and Beard, 1997) , as was the case on SS lysimeters. There were no significant differences in shoot densities.
Fungicide leaching
Treatment effects on drain discharge and accumulated relative leaching for the whole experimental period are presented in Table 9 . We did not detect any significant differences in drain discharge. For the GM lysimeters, PRO was not detected in any samples and IPR and AZO were detected in only 1 of the 16 samples each. There are probably two main reasons for the almost total elimination of leaching from the GM lysimeters. Firstly, the high organic matter content facilitated strong sorption of the fungicides. Secondly, degradation of the fungicides may have been faster in GM lysimeters due to higher microbial activity (Cole et al., 1995) . Strömqvist and Jarvis (2005) also reported significant effects of organic matter content on the leaching of IPR from golf greens.
For SS lysimeters, fungicides were detected in all samples. This is a strong indication of preferential flow considering the sorption strength of the fungicides (Table 2 ) and the small accumulated drainage amounts (Table 3) compared to the pore volumes of the lysimeters. Accumulated leaching for the whole experimental period was larger from NS lysimeters compared to S lysimeters for all three fungicides (Fig. 5) . This strongly suggests that the weaker water repellency in the top layer of the S lysimeters (Table 6 and 7) reduced preferential flow and transport of the fungicides. The surfactant treatment led to a more uniform infiltration and hence longer residence times for the fungicides in the biologically active topsoil where microbial degradation took place. There may also be another explanation for the larger fungicide losses from the NS lysimeters, as the surfactant itself may have influenced the sorption of the fungicides. Batch experiments have shown that herbicide sorption depends in a complex way on the concentration of non-ionic surfactants present in soil solution (Iglesias-Jiménes et al., 1996; Abu-Zreig et al., 1999) . However, considering the consistency in our data, we believe that the reduction in leaching was primarily due to the decrease in preferential flow induced by soil water repellency. This strongly suggests that effective management of soil water repellency would also have beneficial effects on fungicide leaching. Our results are strictly speaking limited to non-ionic surfactants with the same mode of action as Primer 604, but it seems likely that any surfactant which reduces water repellency will also reduce fungicide leaching.
There were no significant differences between the relative leaching of IPR and the combination of AZO and PRO (Table 9 ). The total accumulated leaching from the SS lysimeters (Fig. 5) were smaller for PRO than for IPR and AZO partly because the applied amount was smaller, but also because PRO is more strongly sorbed than IPR and AZO ( Table 2 ).
The accumulated leached amounts shown in Table 9 are underestimations of the total losses during the experimental period because some leaching most likely occurred during the times between sampling and the start of the next fungicide application. This contribution may be significant, especially for AZO and PRO considering their longer degradation half-lives (Table 2 ).
The average concentrations for each collection period for the SS lysimeters split by surfactant treatment are presented in Fig. 6 . The highest leachate concentrations were generally recorded after the first of the three applications. This may be due to microbial adaptation which has been shown to have a strong effect on degradation rates for IPR (Walker et al., 1986) . The possibilities to draw definitive conclusions from the temporal patterns of fungicide concentrations were hampered by different climatic conditions and different lengths of sampling periods (Table 3) . However, it is clear that all three fungicides persisted in the system until the spring following the last application. Maximum concentrations of the fungicides were 6.8, 8.6 and 1.7 µg L -1 for IPR, AZO and PRO respectively. These concentrations were all recorded in discharge from NS treated SS lysimeters. Peak concentrations were probably even higher since our values are averaged over multiple leaching events. The maximum concentrations for all three fungicides exceeded the Norwegian guideline values based on predicted no effect (PNEC) values (IPR no effect =3.4, AZO no effect =0.9 and PRO no effect =0.13 µg L -1 ; Ludvigsen and Lode, 2005) . All three maximum concentrations were also well above the EU limit of 0.1 µg L -1 for drinking water (Council of the European Union, 1997). This shows that applying fungicides on green constructions with very low organic matter content is not acceptable from an environmental point of view. The fact that the turf on the SS lysimeter greens used in our experiments was three years old and had accumulated 14 mm of thatch did not affect this conclusion, although our results show that fungicide leaching on such soils can be reduced substantially by regular use of surfactants. Propiconazole K f =27 mg 1-1/n kg -1 L 1/n and 1/n=0.88 137 d ) ‡ fine sandy loam K f =36 mg 1-1/n kg -1 L 1/n and 1/n=0.81 210 d 
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